We investigated abnormalities of the retinal cone ON-and OFF-pathways in 24 males with Schubert-Bornschein congenital stationary night blindness (CSNB). Substantial differences were found between both CSNB types. In incomplete type, a-, b-and dwaves were reduced and delayed, whereas in complete type only the b-wave showed significant changes. Oscillatory potentials (OPs) were not discernible from noise in incomplete CSNB and showed significant peak alterations of the ON-OPs only in complete CSNB. In the complete CSNB type, the ON pathway appeared to be mainly affected. In the incomplete CSNB form marked involvement of both the ON and the OFF pathways was noted. Ó
Introduction
Congenital stationary night blindness (CSNB) with essentially normal fundi is a clinically and genetically heterogenous non-progressive eye disorder with life-long impairment of night vision. By standard electroretinography, three forms have been distinguished: the Riggs type and the complete and incomplete Schubert-Bornschein type. The latter two are characterized by the so called ''negative'' dark-adapted ERG response to bright flashes, that is, the b-wave is smaller than the a-wave (Carr, 1974; Miyake, Yagasaki, Horiguchi, Kawase, & Kanda, 1986; Schubert & Bornschein, 1952) . This finding is believed to reflect a molecular defect located proximally to the retinal photoreceptor outer segment layer (Hood & Greenstein, 1990; Sieving, 1993) . Rod responses to dim flashes are non-detectable in the complete form but residual responses exist in the incomplete form. Abnormalities have also been found in the photopic ERG, mainly in the incomplete form. Clinically, both forms of Schubert-Bornschein type are associated with reduced visual acuity despite corrected refraction, and frequently with myopia, strabismus, or nystagmus (Miyake et al., 1986; Ruether, ApfelstedtSylla, & Zrenner, 1993) . Inheritance is X-linked in both forms, but complete and incomplete CSNB are genetically separate entities. The gene locus for the complete form (CSNB 1) maps to Xp11.4 whereas incomplete CSNB (CSNB 2) maps to Xp11.23. Both genes have been identified (Bech-Hansen et al., 1998; Strom et al., 1998) . Mutation in the ''NYX'' gene encoding a leucinerich proteoglycan of unknown function (nyctalopin) cause CSNB 1 (Bech-Hansen et al., 2000; Pusch et al., 2000) . The CSNB 2 gene encodes the alpha1 subunit of a retina specific L-type calcium channel (CACNA1F), that is believed to mediate glutamate neurotransmitter release from photoreceptor presynaptic terminals (BechHansen et al., 1998; Strom et al., 1998) .
In this study, we were interested in the influence of both molecular defects on the postreceptoral retinal cone pathways, to further investigate the differences between both CSNB types. For this purpose we applied a photopic long flash ERG routine, extending previous work in CSNB (Miyake, Yagasaki, Horiguchi, & Kawase, 1987; Sieving, 1993) .
Subjects and methods
CSNB patients were assigned to the complete or the incomplete type according to standard ERG procedures (Miyake et al., 1986) . 11 males with the complete and 13 males with the incomplete form were investigated. In the complete form, a median age was 27 years (range 13-47 years), mean best corrected visual acuity (BCVA) was 0.56 (range 0.20-0.80) and mean refraction was À8.00 D (range À26.00 D to À2.75 D). In the incomplete form, a median age was 25 years (range 13-63 years), mean BCVA was 0.35 (range 0.05-0.80) and mean refraction was À5.50 D (range À15.75 D to þ8.00 D). In a control group we examined 40 healthy individuals with a median age of 34 years (range 13-64 years), with BCVA of 1.0 or better, mean refraction of À0.50 D (range À3.50 D to þ2.00 D) and no history of potential relevant eye disease. Informed consent was obtained from all subjects. This study was performed in accordance with the ethical standards laid down in the 1964 by Declaration of Helsinki.
Photopic long flash ERGs were recorded at the cornea using DTL electrodes. Full field stimuli were produced by a slide projector, which illuminated a Ganzfeld bowl, and was switched on and off by a mechanical shutter system. A rod-suppressing background of 35 cd/ m 2 was used. The long flash stimuli were triggered by flashes of an LKC xenon lamp via a photodiode placed in the Ganzfeld bowl of commercial LKC UTAS 2000 system (Gaithersburg, USA). Initially a 3 Hz flicker stimulus of 150 ms duration was used. Because of blinking artefacts superimposed on the OFF period in a number of patients, we additionally established a single ON and OFF response routine. ON responses were elicited by single increment stimuli of 200 cd/m 2 luminance on a background of 35 cd/m 2 and 150 ms duration. OFF responses were elicited by a decrement stimulus of 200 cd/m 2 starting at a luminance level of 235 cd/m 2 for 150 ms. Signal recording was performed on the LKC system, with bandpass filters set to 1 and 500 Hz for recording of a-, b-and d-waves, and 75 and 500 Hz for recording of oscillatory potentials, respectively. Forty responses were averaged. The a-wave amplitude was measured from baseline to the trough of the a-wave, the b-wave from the trough of the a-wave to the peak of the b-wave and the d-wave amplitude was measured from the beginning of its ascending slope to the peak. OP amplitudes were measured from baseline to trough or peak. Peak times were measured from stimulus onset to peak or trough. For statistical evaluation of the results, the Mann-Whitney test was applied.
Results
Characteristic examples of the long flash ERG a-, band d-waves in a normal person and one individual with a complete and an incomplete CSNB, respectively are shown in Fig. 1a-c .
Figs. 2a, 3a and b show the a-wave results. The awave amplitude was normal in all except one of the complete CSNB patients, but was normal only in the minority of patients with the incomplete form (Fig. 2a) . In incomplete CSNB as a group, the a-wave amplitude was significantly smaller compared to both normals and the complete type (Fig. 3a) . The a-wave had a delayed peak time in all patients ( Fig. 2a) , without significant differences between groups (Fig. 3b) .
The b-wave was significantly reduced and delayed in both CSNB types compared to normals, likewise without a significant difference between the complete and incomplete type (Figs. 2b, 3a and b) .
The b/a wave amplitude ratio was reduced in all CSNB patients (Fig. 2c ), being comparatively smaller in the complete type (Fig. 3c) .
The d-wave amplitude and timing were within the normal range in most patients with the complete form ( Fig. 2d) , resulting in no significant difference between the complete CSNB and the normal group ( Fig. 3a and  b) . However, the incomplete type had significantly reduced and delayed d-waves compared to both normals and the complete type (Figs. 2d, 3a and b).
The d/b wave amplitude ratio was grossly enlarged in the majority of complete CSNB patients, but only slightly increased in 50% of the patients with the incomplete form, being within the normal range in the remaining 50% (Figs. 2e and 3c).
In normals ( Fig. 4a and b) , oscillatory ON-potentials showed a first small trough, followed by two or three positive peaks, a prominent second trough and a final positive peak. The oscillatory OFF-potentials comprised a first positive peak followed by a prominent trough and one positive peak. Amplitudes of both the ON-and OFF-components varied over a relatively broad range, whereas peak times showed comparatively little variation.
Nine complete CSNB patients had detectable OPs. All had abnormally shaped ON-potentials. Four patients had no discernible first and second positive wavelet, which apparently had merged into one small and smooth waveform (Fig. 4c) . The remaining five patients, in whom the first and second positive peak were detectable, had a marked reduction of the first peak's amplitude and amplitudes near the lower limit of normal for the second peak. The timing of these components appeared largely normal ( Fig. 5a and b) .
The third positive peak appeared well-preserved in all complete CSNB patients, with amplitude values within or even above normal (Fig. 5c) . In contrast, amplitudes of the following trough and the final peak ( Fig. 5d and e) were subnormal in most patients. The timing of the later three components was delayed in all complete CSNB patients ( Fig. 5c-e) .
Oscillatory OFF-potentials showed fewer abnormalities in complete CSNB. Half of the patients showed normal amplitudes of the first positive peak and the first trough ( Fig. 6a and b) , all patients had normal amplitudes of the second positive peak (Fig. 6c) . The peak times of the OFF-wavelets were slightly increased in the majority of patients (Fig. 6a-c) .
In patients with incomplete CSNB, ON-OFF oscillatory potentials were within noise level.
Discussion
Already a long time before molecular genetic approaches became available for studying disease mechanisms, the site of retinal damage in the X-linked forms of CSNB was thought to be proximal to the photoreceptor outer segment layer. Largely, this hypothesis was based on the finding of normal dark-and light-adapted ERG a-waves, reflecting rod and cone outer segment activity, but small (incomplete type) or lacking (complete type) (Miyake et al., 1986 ) dark-adapted b-waves driven by rod bipolar cells, thus leading to the assumption of a block in the retinal circuit between rod photoreceptors and second order neurons (Carr, 1974; Sieving, 1993) .
In addition, abnormalities of the photopic (cone) ERG b-waves were found (Krill & Martin, 1971; Lachapelle, Little, & Polomeno, 1983) . Miyake et al. (1986) described distinguishing features of the photopic ERG in complete and incomplete CSNB. They showed that 30 Hz flicker peaks and single flash b-waves may have normal or reduced amplitude, but have normal timing in the complete type. The incomplete form has severely reduced or even absent cone flicker and single flash responses with increased peak times, and characteristically a double-peak shape. Subsequently, the cone ERG abnormalities have been studied more in detail. The visual information, at the level of retinal bipolar cells, is segregated into parallel ON-and OFF-pathways, which may be selectively blocked pharmacologically (Sieving, Murayama, & Naarendorp, 1994) . While in the rod system all bipolar cells represent the ON type, the cone system has connections to both ON-and OFF-bipolar cells. In the human photopic cone-driven ERG with very brief flashes, the b-wave reflects retinal activity of both ON-and OFF-bipolar cells, which summate and merge into a single response. However, with long duration pulses of at least 50 ms, the positive d-wave, which is believed to result from the hyperpolarizing (OFF) bipolar cells can be separated from the photopic b-wave, which then merely reflects activity of the depolarizing (ON) bipolar cells (Sieving, 1993) . Miyake et al. (1987) first recorded photopic long flash ERGs in complete and incomplete CSNB patients and reported attenuation only of the b-wave in the complete form and both of the b-and the d-wave in the incomplete type. The findings in complete type patients have been reproduced by others (Quigley et al., 1996; Sieving, 1993) and support the hypothesis of a general (rod and cone) photoreceptor to bipolar cell transmission defect in complete CSNB. As to their findings in the incomplete type, Miyake et al. (1987) suggested, the molecular defect affecting both the ON-and OFF-pathway might be located in the (cone) photoreceptor itself.
In our study of the photopic long flash ERG in Xlinked CSNB, we confirm substantial differences between the two Schubert-Bornschein types. The complete type showed the following features: (i) A normal a-wave amplitude. This is in line with the generally agreed assumption of normal photoreceptor outer segment function in complete CSNB. Furthermore, according to the model of Sieving et al. (1994, push-pull model) , based on drug experiments blocking synaptic input into ON-and OFF-bipolar cells, OFF bipolar cell activity contributes to the photopic a-wave. The normal a-wave amplitude found here also indicates that OFF-bipolar cell function is preserved in complete CSNB. (ii) A delayed a-wave peak time. The timing of the awave trough depends on the timing and magnitude of b-wave intrusion. The observed delay may therefore be explained by a small and delayed b-wave. (iii) A small and delayed b-wave, and consequently, a small b/a amplitude ratio. The amplitude results agree with previous observations (Miyake et al., 1987; Quigley et al., 1996; Sieving, 1993) . Our study additionally shows a delayed b-wave, which is typ- ically not observed in brief flash recordings (Lachapelle et al., 1983) , and was also absent in the standard ERG of our patients (data not shown). According to Sievings model (1994) , the long flash ERG b-wave abnormalities reflect compromised cone ON-bipolar cell function in complete CSNB. (iv) Normal amplitude and timing of the d-wave. These results agree with the data of Quigley et al. (1996) obtained in four complete CSNB patients, and previous reports on d-wave amplitude only (Miyake et al., 1987; Sieving, 1993) . Again, based on the push-pull model of the photopic ERG (Sieving et al., 1994) , do these results suggest a preserved hyperpolarizing (OFF) bipolar cell function in CSNB, and a selective defect of depolarizing bipolar cells. (v) Abnormal oscillatory potentials following stimulus onset (ON-OPs) but near-normal OPs following stimulus offset. In the ON-OPs, the first two wavelets are absent or diminished. It is known that in the photopic brief-flash ERG the early OPs are small or missing (Heckenlively, Martin, & Rosenbaum, 1983; Lachapelle et al., 1983; Tremblay, Laroche, & De Becker, 1995) . There is evidence, that these early components are associated with retinal ONresponses to a brief stimulus (Wachtmeister, 1998) . These components are termed OP2 and OP3 by several investigators but correspond to our first and second positive wavelet. Our long flash recordings confirm that these wavelets are indeed components of the ON-circuitry. Based on their studies, Lachapelle et al. (1983) hypothesized that ''OP2'' reflects a retinal process involved in maintaining a constant signal to noise ratio, and ''OP3'' is related to rod activity, and that the generator for both wavelets should be located between the photoreceptor and bipolar cell layer.
The third positive ON-OP peak is well-preserved in our complete CSNB patients. This is in agreement with previous photopic brief-flash recordings (Lachapelle et al., 1983; Tremblay et al., 1995) which showed one final well-preserved wavelet (termed ''OP4'') in complete CSNB. The last OP wavelet of the response to a short stimulus has been hypothesized to be generated by the Fig. 3 . The statistical significance of the differences between normals and the two types of the SB-CSNB. Three stars represent a significance at a level of 0.001, two stars represent a significance at a level of 0.01 and n.s. represent non-significant differences. The columns represent the medians, the error bars show the 5% and 95% percentiles: (a) amplitude, (b) implicit time and (c) ratio.
retinal OFF system (Kojima & Zrenner, 1978) . In this case one would be led to attribute the preserved OP4 in complete CSNB to the integrity of the OFF circuit. Our results however clearly show, that there is also a preserved OP component related to stimulus onset. A comparison between the timing of this third OP and the timing of the b-wave shows that this OP contributes to the shape of the residual b-wave in the complete CSNB patients.
Oscillatory potentials following stimulus offset were normal in complete CSNB except a slight delay in peak time. Quigley et al. (1996) have reported both normal amplitude and timing of long flash OFF-OPs in a small group of complete CSNB patients. They concluded that these OFF-OPs contribute to the descending limb of the photopic ERG d-wave and to its normal appearance in complete CSNB. This appears to be also true in our patients: there is synchronicity of the first OFF-OP peak and its following slope with the d-wave peak and its descending limb, respectively. Pharmacological works on the oscillatory response (Wachtmeister & Dowling, 1978 , Wachtmeister, 1980 , 1981a , 1981b indicate that the later OPs seem to be associated with retinal OFF responses and also that the later oscillations seem to have different origins compared to the earlier ones.
In the incomplete CSNB group, the ERG findings were somewhat less uniform, but, as a rule, show the following long flash ERG features:
(i) Unlike in complete CSNB, a diminished and delayed a-wave. As photoreceptor activity is regarded as the major source of the a-wave, one interpretation for the amplitude reduction might be that the molecular defect also compromises retinal photoreceptor function. There is however, as mentioned above, evidence that OFF bipolar cell activity also shapes the photopic a-wave (Sieving et al., 1994 ). An alternative explanation, which is consistent with the d-wave results obtained and therefore more likely, would be a diminished contribution of hyperpolarizing bipolar cell activity to the a-wave. (ii) Like in complete CSNB, a small and delayed bwave. As the b-wave was more abnormal than the a-wave, the b/a amplitude ratio was also decreased. The amplitude reduction confirms Miyake's results (1987) and provide further evidence that the molecular defect in incomplete CSNB compromises ONbipolar cell function. Our observations additionally show a delayed response. In the incomplete CSNB this is paralleled by brief flash ERG recordings which likewise show delayed photopic responses (data not shown). (iii) In contrast to complete CSNB, a diminished and delayed d-wave. Again, the amplitude findings agree with the observations of Miyake et al. (1987) , but we are the first to report delayed timing of the dwave component in incomplete CSNB. The d-wave ascending limb contains a contribution of the cone late photoreceptor potential (Sieving et al., 1994) . It is however dominated by OFF bipolar cell activity. It is therefore more likely that the small d-wave in incomplete CSNB reflects impaired hyperpolarizing bipolar cell function. (iv) Non-detectable oscillatory potentials, reflecting the severe abnormality of the cone system displayed in incomplete CSNB. This finding is consistent with the results of Tremblay et al. (1995) , who were unable to detect OPs to brief photopic ERG flashes in incomplete CSNB patients. However, they reported some residual OP activity in mesopic and scotopic adaptation states, which they attributed to the cone system.
In the incomplete CSNB form involvement of both the ON-and the OFF-pathways was noted. Interestingly, b-waves were more abnormal than d-waves in about 50% of the patients, i.e., the d/b amplitude ratio was enlarged. The most straightforward explanation would be that the magnitude of the cone ON-bipolar cell signals is more impaired by the molecular lesion in incomplete CSNB than that of the OFF bipolar cells. However, model simulations provided by Sieving (1993) show that a mere retardation of the ON signal relative to the OFF signal at unchanged response magnitudes results in the same effect on the d/b amplitude ratios. As an additional explanation Sieving (1993) and Sieving et al. (1994) point out that the d-wave might be less reduced than the b-wave in some retinal diseases of postreceptoral origin, since cone PIII contributes to the a-and d-waves but not the b-wave.
Basically, the diverse ERG features we obtained point to different molecular mechanisms underlying the complete and the incomplete type. Molecular genetic research has revealed, that the incomplete CSNB (CSNB 2) is caused by mutations in a retina-specific calcium channel alpha 1-subunit gene (CACNA1F; Bech-Hansen et al., 1998; Strom et al., 1998) . Investigations in Xenopus laevis show that L-type calcium channels mediate glutamate transmitter release from photoreceptor presynaptic terminals (Witkovsky, Schmitz, Akopian, Krizaj, & Tranchina, 1997) . A disturbance of transmitter release from cone photoreceptors, and consequently a general impairment of postsynaptic signal input would be in line with the decrease of both ON and OFF signals that we observed in the incomplete CSNB patients.
On the basis of pharmacological experiments that mimicked the findings in complete CSNB, the APBsensitive postsynaptic depolarizing bipolar cell receptor had been looked upon as a strong candidate for the molecular defect underlying the complete type (Young, 1991) . However, the recently cloned CSNB 1 gene has cast doubt on this explanation. The function of the gene product, tentatively named ''nyctalopin'', remains to be clarified. Nyctalopin is looked upon as a member of the small leucine-rich proteoglycan (SLRP) family, which may serve in the regulation of cell growth, adhesion and migration (Hocking, Shinomura, & McQuillan, 1998) . It is hypothesized to play a role as an adhesion molecule in the development of synapses between neurons of the ON-pathway circuitry of the retina (Bech-Hansen et al., 2000; Pusch et al., 2000) . Indeed, the virtually selective cone ON-pathway affection observed in complete CSNB strongly suggests a molecular defect located postsynaptic to the cone photoreceptor ON bipolar cell junction.
